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We conduct the detailed numerical investigation of a nanomanipulation and nanofabrication
technique—thermal tweezers with dynamic evolution of surface temperature, caused by absorption
of interfering laser pulses in a thin metal film or any other absorbing surface. This technique uses
random Brownian forces in the presence of strong temperature modulation surface thermophoresis
for effective manipulation of particles/adatoms with nanoscale resolution. Substantial redistribution
of particles on the surface is shown to occur with the typical size of the obtained pattern elements
of 100 nm, which is significantly smaller than the wavelength of the incident pulses used 532
nm. It is also demonstrated that thermal tweezers based on surface thermophoresis of particles/
adatoms are much more effective in achieving permanent high maximum-to-minimum
concentration ratios than bulk thermophoresis, which is explained by the interaction of diffusing
particles with the periodic lattice potential on the surface. Typically required pulse regimes
including pulse lengths and energies are also determined. The approach is applicable for
reproducing any holographically achievable surface patterns, and can thus be used for engineering
properties of surfaces including nanopatterning and design of surface metamaterials. © 2008
American Institute of Physics. DOI: 10.1063/1.2981202
I. INTRODUCTION
The formation of nano- and microstructures on surfaces
is a major focus of research in nanotechnology due to a va-
riety of useful applications such as micro- and nanoelec-
tronic components, laboratory-on-a-chip technology,1 surface
plasmon optical circuits and components,2 chemical and bio-
logical sensors e.g., based on surface enhanced Raman
scattering3,4, and the potential to widely engineer optical,
electronic, mechanical, and catalytic properties of surfaces.5
Aside from etching or “drilling” techniques where the sur-
face is patterned directly by regional removal such as optical
near-field lithography6 or electron and ion beam lithography,
micro- and nanostructures on surfaces can be formed by ag-
gregation of atoms or nanoclusters on the surface during a
deposition/surface diffusion process.5,7–10 An important goal
of research in this area is therefore the development of
simple and effective means of manipulating and organizing
nanoclusters or adatoms over large areas on the surface.
Large scale, passive organization has been shown to oc-
cur in some cases due to the natural interaction between the
particles and the surface, or by prepatterning the substrate to
form aggregation centers. For example, there has been much
attention paid to the self-organization on strained surfaces9
and defect trapping on nanopatterned surfaces.5,8,11 In the
former case, particles move along preferred low energy paths
on the surface and aggregate at highly periodic points on the
crystal lattice. This method has been proven effective for the
formation of precise nanostructures with large scale period-
icity. Of course, this technique is limited to only particular
structures determined by the properties of the lattice structure
and its interaction with the adsorbed particles. On the other
hand, the defect trapping technique5,8,11 involves creating de-
fects e.g., holes on the surface with nanoscale resolution
using focused ion or electron beam lithography, or any other
lithographic techniques such as optical near field lithography.
Subsequent deposition and diffusion of atoms or nanopar-
ticles on the surface typically results in aggregation of par-
ticles at the defects. This technique has the potential to form
practically arbitrarily shaped structures on the surface al-
though requires a cumbersome and invasive process of pre-
liminary patterning.
Recently we proposed theoretically a technique called
thermal tweezers for organization of nanoclusters or adatoms
on surfaces that requires no prepatterning, and has the poten-
tial to form any structure whose shape can be produced by
holographic means.12 Thermal tweezers is a holographic
technique where interfering pulsed laser beams generate a
strongly nonuniform temperature distribution on an absorb-
ing surface, with subsequent diffusion of particles into the
lower temperature regions due to thermophoresis.13,14 In our
previous paper,12 we predicted that strong redistribution of
particles to the cold regions on the surface is possible with
temperature differences between the hot and cold regions of
about several hundreds of degrees. The predicted steady-state
ratio of the particle concentration in the cold region to that in
the hot regions could be as high as 200 times. It was also
demonstrated that using a special super-resolution technique
based on phase shifting of the laser interference pattern,
thermal tweezers may be used to achieve surface nanopat-
terning and manipulation of particles/adatoms with the spa-
tial resolution as good as 10–50 nm at optical
wavelengths.12aElectronic mail: d.gramotnev@qut.edu.au.
JOURNAL OF APPLIED PHYSICS 104, 064320 2008
0021-8979/2008/1046/064320/8/$23.00 © 2008 American Institute of Physics104, 064320-1
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.181.251.130 On: Thu, 27 Mar 2014 04:36:33
However, in our previous analysis12 we investigated sur-
face diffusion of particles only in the presence of a static
sinusoidal temperature modulation. While this provided a
good opportunity to investigate the physical effects of sev-
eral parameters on the efficiency of particle redistribution,
and determine the achievable resolution of the technique, it
did not represent properly a realistic laboratory situation. In-
deed, the required static temperature modulations of about
hundreds of degrees with submicron spatial period would
require cw laser powers such that the overall heating of the
surface would be destructive for any available material.
Therefore, only pulsed laser heating could be used. In this
case, the temperature distribution on the surface cannot be
static, but should rapidly change increase or decrease in
time due to thermal conduction and heating/cooling pro-
cesses. The previously obtained numerical results for thermal
tweezers with static temperature distributions12 are not appli-
cable in this case.
Therefore, the aim of this paper is to investigate theo-
retically thermal tweezers with dynamic evolution of the
temperature on the surface, caused by absorption of interfer-
ing laser pulses in a thin metal film on a dielectric glass
substrate. The temperature distribution on the surface will be
determined as a function of time by means of numerical so-
lution of the thermal conduction equation.15 The required
energies and durations of the pulses will be determined and
used for the numerical investigation of thermal tweezers in
the multipulse laser treatment. Typical modulation of the par-
ticle concentration on the surface and the required number of
pulse treatments will be determined in the approximation of
noninteracting nanoparticles/adatoms. Super-resolution with
dynamic temperature variations will also be investigated.
II. STRUCTURAL PARAMETERS AND TEMPERATURE
EVOLUTION
The considered structure is shown in Figure 1. Nanopar-
ticles or atoms are assumed to be placed onto a smooth, thin,
crystalline metal film of thickness h on a dielectric substrate
of thickness H. Two short TE polarized laser pulses with the
wavelength =532 nm frequency doubled Nd:YAG yt-
trium aluminum garnet_laser, equal intensities and tempo-
ral pulse length in the order of nanoseconds are incident onto
the top of the metal film at the angle of 45° to the normal
Fig. 1, thus producing an interference pattern of bright and
dark fringes in the film. The absorption of the pulse energy in
the metal film leads to a periodic temperature modulation at
the film/air interface with the period equal to that of the
interference pattern 376 nm.
We use here a thin metal film on a dielectric e.g., glass
substrate Fig. 1 because poor thermal conduction of the
glass and small thickness of the metal film will ensure rela-
tively weak heat transfer along the film, resulting in a possi-
bility of using longer incident pulses to achieve the required
of about hundreds of degrees temperature modulation on
the surface. Using thick metal films or substrate materials
with good thermal conduction will require shorter incident
pulses to achieve the same temperature modulation on the
surface, and thus significantly increase the number of re-
quired pulse treatments of the surface to achieve noticeable
redistribution of the particles/adatoms.
To determine the temperature evolution in the structure
Fig. 1, we use finite-difference time-domain solution of the
thermal conduction equation15 with the two-dimensional heat
flow along the film and into the glass substrate, i.e., in the x-
and y-directions. The heat source in the thermal conduction
equation is given by the energy Q absorbed per unit volume
of the metal film within unit of time averaged over one
oscillation of the electromagnetic field16
Q = 0
2
e2E2, 1
where e2 is the imaginary part of the relative dielectric per-
mittivity of the metal m=e1+ ie2, E is the electric field in the
metal,  is the angular frequency of the wave, and 0 is the
dielectric permittivity of free space.
The electric field E in the interference pattern in the film
is determined by solving Maxwell equations for the two in-
terfering plane TE waves with equal amplitudes, incident at
45° each as in Fig. 1 onto the layered structure: vacuum—
metal film—infinitely thick glass substrate. This gives the
x ,y-distribution of the electric field intensity in the film at
any moment of time, which determines the distribution of the
heat source Qx ,y , t in the film for a given amplitude of the
incident pulses. The time dependence appears in the heat
source because the intensities in the two incident laser pulses
are Gaussian in time, i.e., proportional to exp−t− t02	,
where t= t0 corresponds to the center of the pulse, and 
= 2 /2,  is the temporal pulse length defined at the 1 /e
level of intensity.
The pulse energy W is defined as the overall combined
energy of the two incident Gaussian pulses, assuming uni-
form field distribution over the cross-sectional area A
=0.25 cm2. The intensity I in each of the pulses is related to
the overall energy W as IW / 2A. From here, the maxi-
mum amplitude of the electric field in the middle of each of
the pulses is then given as Emax=
2I / 0c. This equation
together with the assumed Gaussian pulse shape and the
found intensity distribution in the metal film fully determine
the heat source Eq. 1 and thus the dynamic temperature
distribution at the surface of the film, if the energy of the
pulse is known.
Glass Substrate (εs)
Nanoparticles
Laser pulses
incident at 45o
x
y
H
h
L
Metal Film (εf)
FIG. 1. The structure for thermal tweezers with laser pulse treatment. A thin
metal film of thickness h is deposited onto a glass slab of thickness H. Two
coherent laser pulses are incident at 45° onto the film surface, creating an
interference pattern. Optical absorption of the electromagnetic energy results
in periodic heating of the film. Nanoparticles or adatoms placed onto the
surface of the metal film diffuse predominantly from hot to cold regions due
to surface thermophoresis Ref. 12. The particles are regarded nonabsorb-
ing and noninteracting with the incident radiation.
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For simplicity, in order to determine the approximate
temperature evolution on the surface of the film from the
numerical solution of the heat conduction equation15 we as-
sume that the structure has the finite length L=3.5
1.318 m along the x-axis Fig. 1. In addition, let the
heat source interference pattern from the two laser pulses
have only three periods  with four maxima, and be posi-
tioned in the middle of the film of length L Fig. 1. This
situation will result in four maxima of temperature on the
surface of the metal film. Time evolution of the two middle
maxima with a minimum between them will approximately
represent the temperature evolution on the larger area of the
surface of the film with many more maxima of the interfer-
ence pattern produced by the two incident pulses.
The numerical results were obtained for the following
structural parameters. As indicated above, the wavelength of
the incident pulses is =532 nm Nd:YAG laser, the par-
ticles are placed onto the free surface of the smooth, thin,
crystalline nickel film of thickness h=5 nm on a glass sub-
strate of thickness H=500 nm. The thickness of the glass
substrate has been chosen artificially small to ensure efficient
numerical solution of the heat conduction equation.15 How-
ever, because the resultant temperature variations at the bot-
tom side of the glass substrate plate will be negligible com-
pared to the temperature in the metal film, the calculated
temperature evolution at the surface of the metal film is ap-
plicable for much thicker and even semi-infinite glass sub-
strates. The permittivity of nickel at the considered wave-
length and its thermal conductivity are  f =e1+e2=−7+11i
Ref. 17 and  f =90 W m−1 K−1,18 and the permittivity and
thermal conductivity of the glass substrate are s=2.25 and
s=1 W m−1 K−1,
18
respectively. At the considered thick-
ness of the nickel film h=5 nm, the heat source Qx ,y , t
is practically independent of the y-coordinate because h is
much smaller than the skin depth.
The typical dynamic temperature distributions on the
surface of the nickel film at different moments of time are
shown in Figs. 2a and 2b. In particular, Fig. 2 clearly
demonstrates that the required temperature modulations of
the surface temperature is achievable using the selected pulse
parameters. Therefore, it can be expected that thermal twee-
zers will work with pulsed laser treatment of the surface.
An important parameter in this case is the achievable
time-dependent amplitude of the temperature modulation on
the surface and its life time during the pulsed laser treatment.
Therefore, Figs. 3a and 3b present the dependencies of
the temperature difference between one of the two central
maxima with the temperature T1 and the minimum between
them with the temperature T0.
In particular, this figure demonstrates that temperature
modulations of 400–1000 K are achievable, depending on
the parameters of the laser pulse treatment. In order to in-
crease the temperature modulation, while keeping the mini-
mum temperature relatively low, it is necessary to reduce the
energy and length of the pulse compare Figs. 3a and 3b.
This situation is desirable for thermal tweezers that rely upon
significantly different rates of diffusion in the hot and cold
regions.12 Another benefit of using shorter laser pulses is that
the rapid decrease in the average temperature on the surface
causes effective freezing of the achieved redistribution of the
diffusing particles/adatoms, resulting in a permanent surface
patterning. For longer pulses, during the cooling process,
both the minimum and maximum temperatures on the sur-
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FIG. 2. Two examples of the temperature distributions on the nickel film
with h=5 nm,  f =−7+11i pulse wavelength vac=532 nm and  f
=90 W m−1 K−1 Refs. 17 and 18 on the glass substrate with s=2.25 and
s=1 W m−1 K−1 Ref. 18 for the two different pulse lengths and energies:
a =2.5 ns and W=14 mJ, b =0.25 ns and W=5 mJ. The solid and
dotted curves correspond to the heating process during the laser pulse, while
the dashed curves represent the cooling process. The dotted curves corre-
spond to the middle of the Gaussian pulse. The thick solid curve corre-
sponds to the maximal temperature on the surface of the film. If the time
t=0 at the middle of the pulse the dotted curves, then the respective times
for all the curves are: a −1, −0.5, 0, 1, 2.5, and 7.5 ns; and b −0.09, 0,
0.1, 0.2, 0.5, and 1.0 ns.
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FIG. 3. The time dependencies of the maximum T1 and minimum T0
temperatures on the surface of the film and the difference between them
	T=T1−T0. The dependencies in subplots a and b correspond to the
temperature distributions shown in Figs. 2a and 2b, respectively.
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face can be relatively large while 	T is small see Figs. 2a
and 3a. Then the modulation of particle concentration
achieved during the heating process may be significantly re-
duced due to the reversed diffusion in the absence of strong
temperature modulation and still relatively high tempera-
tures. Reducing the length of the laser pulse results in sup-
pressing this reverse process of particle diffusion toward
their initial uniform distribution because when 	T becomes
small in this case, the overall temperature on the surface is
already too low for effective diffusion to occur see Figs.
2b and 3b.
However, reducing length of the laser pulse also results
in reducing the overall time during which effective surface
diffusion may occur because high temperatures on the sur-
face can exist only for a short period of time before being
reduced by thermal conduction 0.3 ns in Fig. 3b. On
the other hand, typical relaxation times for achieving a
steady-state particle redistribution on the surface range from
a few nanoseconds to microseconds.12 Therefore, in order to
achieve steady-state particle distributions, multiple coherent
pulse treatments will be required.
III. SURFACE DIFFUSION
The surface diffusion of particles/adatoms on the surface
of the crystalline metal film is simulated by numerical solu-
tion of the Langevin equation19
m
d2r
dt2
= − m

dr
dt
− Vr + rx,t , 2
where r= x ,y is the position vector of a point particle with
mass m on the surface, 
 is the coefficient of effective fric-
tion experienced by the moving particle on the surface, Vr
is the potential of interaction between the particle and the
surface, and rx , t is the random force due to thermal mo-
tion phonons in the metal film.
The random force rx , t is assumed to represent local
at some value of x white noise, i.e., it is completely uncor-
related in time and direction, and is therefore defined by the
well-known fluctuation-dissipation relationship20–22
ix,t jx,t =
2
kBTx,t
m
ijt − t , 3
where kB is the Boltzmann constant, and Tx , t is the tem-
perature on the surface of the metal film see Sec. II. For the
purposes of diffusion calculations, the temperature on the
surface is assumed to be Tx , t=T0t+	Ttcos2x /,
where the dependencies T0t and 	Tt are shown in Figs.
3a and 3b.
It is important to understand that in the presence of a
temperature modulation on the surface, which also changes
in time see Sec. II, the right-hand side of Eq. 3 depends
on t and x through the dependence of the absolute tempera-
ture on these variables. This is how changing in space and
time temperature of the surface of the metal film is intro-
duced into the Langevin Eq. 2 during the analysis of ther-
mal tweezers.
We assume the crystalline structure of the metal film
with a square crystal lattice on the surface. Accordingly, the
potential Vr of interaction between the particle and the
surface can be written as a periodic function with the period
that is equal to that of the lattice12,20–22
Vr =
V0
2 cos2xa  + cos2ya  , 4
where V0 is the depth of the potential wells on the surface
with respect to the saddle points, and a is the lattice period.
This potential works only as an approximation for finite-
sized clusters on the surface.11,23,24 For example, it does not
take into account the possibility of rotational or rolling mo-
tion of a finite cluster on the surface, variations in its shape
and size.
We will assume here that the random force of the
Brownian motion is the only term in Eq. 2 that depends on
spatially and temporarily varying temperature in the presence
of strongly nonuniform heating of the surface. This is obvi-
ously an approximation because both the effective friction 

and potential wells V0 on the surface will also be functions of
temperature e.g., V0 is expected to reduce with increasing
temperature, which will increase the tendency toward in-
creasing concentration modulation in thermal tweezers.
However, detailed consideration of these dependencies and
their effect on surface thermophoresis is beyond the scope of
this paper which focuses primarily on the investigation of the
effect of rapidly changing temperatures on the basic charac-
teristics of thermal tweezers under the approximation of con-
stant V0 and 
.
Similar to Ref. 12 surface diffusion and particle
redistribution/manipulation by thermal tweezers is analyzed
by investigating the probability density function x , t that
gives the probability x , tdx to find one particle between
the values of the x-coordinate x and x+dx. The probability
density function does not depend on the z-coordinate because
no temperature variation is assumed along this axis on the
metal surface Fig. 1. This function fully determines the
distribution of particles on the surface after a specified time
interval. It is assumed to be normalized by the condition:
0
xdx=1.
The numerical solution of Eq. 2 with the random force
depending on x and t through the determined dependence
Tx , t—see Sec. II for one particle/molecule gives the po-
sition of this particle after one laser pulse treatment i.e.,
when the temperature on the surface has dropped so that no
diffusion can occur any further. Repeating this procedure
for a large number of particles typically 50 000 particles
gives the probability density function 1x after just one
pulse treatment. The initial position of each particle is chosen
randomly within a  square with the periodic boundary
conditions and the sides parallel to the x- and z-axes this
corresponds to a constant initial probability density function
0x=1 /. This overall procedure can be repeated for mul-
tiple pulses with each previously obtained particle distribu-
tion taken as the initial distribution for the subsequent pulse.
As a result, we obtain the probability density function Nx
giving the distribution of particles on the surface after N
successive laser pulse treatments.
As discussed in Sec. II, reducing pulse length is worth-
while for increasing the steady-state modulation of particle
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concentration on the surface. However, as has also been dis-
cussed, strong decrease in the pulse length may be impracti-
cal, as the actual time of diffusion decreases, and it should
take a large time interval or a very large number of pulse
treatments. Therefore, we demonstrate here that combining
different pulse regimes could significantly speed up particle
redistribution on the surface. For example, we subject point
particles on the surface of the 5 nm nickel film on a glass
substrate to three different pulse series. The first series con-
sisted of 1–50 identical pulses with the length =2.5 ns and
energy W=14 mJ. The second series contained 100 identical
pulses from 51 to 150 with the length =1 ns and pulse
energy W=9 mJ. The third series was of 400 identical pulses
from 151 to 550 with =0.25 ns and W=5 mJ.
Such a combination enables fast initial redistribution
diffusion of particles because of the overall high tempera-
ture on the surface during the first set of pulses Figs. 2a
and 3a. When the respective steady-state particle distribu-
tion is nearly reached within about 50 pulses—see below,
the second and then the third sets of pulses are used to fur-
ther increase the concentration modulation. It is obvious that
it would have been possible to reach the same final modula-
tion of particle redistribution just using the pulses from the
third series corresponding to Figs. 2b and 3b. However,
in this case, the overall number of the required pulses would
have been noticeably larger. Therefore, the proposed proce-
dure with different pulse series with gradually reducing
pulse length and energy allows most effective manipulation
of particles on the surface with minimal number of laser
pulse treatments.
Typical distributions of particles on the surface as a re-
sult of multiple pulse treatment using the mentioned three
pulse series with different lengths and energies are presented
in Fig. 4. The dashed curve corresponds to just ten pulses
from the first series, the dotted curve corresponds to the last
pulse from the second series, while the solid curve is ob-
tained as a result of all the 550 pulses from the three men-
tioned pulse series. The dependencies presented in Fig. 4
were plotted using the moving average statistical approach.
Diffusion of 50 000 independent noninteracting with each
other particles randomly placed onto the surface was con-
sidered using Eq. 2 which was solved numerically for each
of the 50 000 particles separately. As a result, the numbers of
particles were determined in each of the 100 equal intervals
	x3.76 nm particle bins within one period of tempera-
ture modulation 376 nm. The ratio of these numbers to
the overall number of particles 50 000 gives the probability
to find one particle in each of the selected bins 	x, which
determines the probability density function x.
However, because the conducted 50 000 trials were still
insufficient for obtaining smooth dependencies for x, the
curves in Fig. 4 were plotted using the moving average
smoothing technique. We chose an interval of seven neigh-
boring particle bins a seven-bin moving interval, calculate
the average particle number per one bin within the selected
seven-bin interval, and assign this average concentration to
the central bin of the seven-bin moving interval. This gives
us one point of the dependence x. Repeat this procedure
100 times for all different seven-bin intervals within one pe-
riod of temperature modulation  recall that we also assume
periodic boundary conditions so that particle numbers in the
bins are periodically repeated with the period . The result-
ant moving average dependencies of x are presented in
Fig. 4.
The value for the depth of the potential well V0
=500kB /0.1 ensures that particles remain practically immo-
bile below 500 K. Therefore, the numerical simulation was
conducted only until the surface temperature resulting from
any one pulse has reduced to 500 K i.e., 15 ns for the pulses
from the first series—see Fig. 3a, and 2 ns for the third
series—see Fig. 3b. The initial temperature for every sub-
sequent pulse was assumed to equal 300 K i.e., no overall
heating effect from pulse to pulse was considered, which is
correct when the time between the pulses is sufficiently
large. As the number of laser pulses increases, the particles
are gradually redistributed into the cold regions due to ther-
mophoresis. Figure 4 demonstrates that significant particle
redistribution can be achieved on the surface with the typical
feature size of 150 nm, which is significantly less than the
wavelength 532 nm used in the treatment.
It is important to understand that as was demonstrated in
Ref. 12 the presence of the potential wells of interaction
between the particles and the surface i.e., V00 in Eq. 4
drastically increases modulation of particle concentration on
the surface. This was highlighted as one of the major differ-
ences between thermophoresis in a bulk medium and thermal
tweezers thermophoresis on surfaces.12 In the case of pulse
laser treatment, the presence of the potential wells on the
surface is also important to ensure that a permanent redistri-
bution of particles can be achieved with all the particles be-
ing fixed in their potential wells at sufficiently low tempera-
tures i.e., below 500 K in the above example represented by
Fig. 4. This is another difference in thermal tweezers from
bulk thermophoresis where such permanent particle redistri-
bution is hardly achievable.
The dependencies of particle concentrations in the cold
and hot regions on number of laser pulses i.e., evolution of
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FIG. 4. The x-dependencies of the probability density function within two
periods of the temperature modulation on the surface as a result of laser
pulse treatment using three sequential pulse series: 1 =2.5 ns and W
=14 mJ pulses from 1 to 50, 2 =1 ns and W=9 mJ pulses from 51 to
150, and 3 =0.25 ns and W=5 mJ pulses from 151 to 550. The mass
of the particles m=100 atomic units, V0=500kB /0.1, and 
=2.31010 s−1
Refs. 12 and 20; the other structural parameters are the same as for Figs. 2
and 3. The dashed, dotted, and solid curves correspond to 10 pulses, 150
pulses, and 550 pulses, respectively.
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the concentrations at the maxima and minima of x–Fig. 4
are presented in Figs. 5a and 5b. Figure 5a shows how
the particle concentration in the cold region where the tem-
perature is a minimum increases with increasing number of
laser pulses. Curves 1–3 forming the dependence in Fig. 5a
correspond to the three sequential pulse series with different
pulse regimes see the discussions of Fig. 4. For each of
these three series, exponential dependencies 1–3 were statis-
tically fitted to the data points obtained from the numerical
solution of Eq. 2. The dashed horizontal lines represent the
asymptotic steady-state values of the maximum of the prob-
ability density function for each of the three pulse series: 1
4.050.0310−3 nm−1, 2 4.950.0810−3 nm−1,
and 3 6.80.210−3 nm−1. The presented errors of the
asymptotic values were obtained from the exponential statis-
tical fit to the numerical data points.
The dotted curve in Fig. 5a is the extension of the
exponential curve that was statistically fitted to the numerical
data points for the third series of pulses with =0.25 ns and
W=5 mJ Figs. 2b and 3b. This extension shows that the
number of pulses that would be required to reach either of
the points on curve 3 should be increased by 150, if only
pulses from the third series were used. Sequential use of the
pulse series with the indicated regimes thus allows signifi-
cant reduction in the overall number of pulse treatments re-
quired in order to reach the same concentration modulation
on the surface.
Figure 5b presents similar dependencies of the prob-
ability density function on number of pulses but for the hot
regions on the surface. The respective asymptotic values of
the probability density function in the hot regions for the
three considered pulse series are 1 1.670.03
10−3 nm−1, 2 1.190.0210−3 nm−1, and 3
0.620.0110−3 nm−1 see the dashed horizontal lines in
Fig. 5b.
From here, if only pulses from series 1 are used, then the
ratio of concentration of particles in the cold regions to that
in the hot regions is 2.3. However, if only pulses from
series 3 are used, then the ratio of concentration of particles
in the cold and hot regions is 11.3. The same ratio is also
achieved when using the discussed sequence of three differ-
ent pulse series. This is another confirmation that in order to
achieve stronger localization of particles to the cold regions,
shorter pulses must be used.
Although substantial redistributions of particle concen-
trations on the surface have been demonstrated in thermal
tweezers with dynamic temperature variations caused by
short laser pulse treatment, the obtained maximum-to-
minimum ratios are somewhat smaller than those with con-
stant temperature modulation.12 This could be explained by
the fact that the temperature modulation 	T is not constant
but rather increases during the heating process and then
decreases during the cooling process. As a result, there will
always be significant time intervals when the temperature
modulation on the surface is significantly smaller than the
maximal value Fig. 3b. Therefore, even if a particle re-
distribution corresponding to the maximal temperature
modulation is ever achieved with high maximum-to-
minimum ratio of the probability density, this cannot last
because the particles will tend to diffuse in the reverse direc-
tion during the time intervals when the temperature modula-
tion is smaller than the maximal. This effect should be espe-
cially significant during the cooling period when 	T is
decreasing relatively slowly, and the average temperature is
higher for the same value of 	T than during the heating
period–see Figs. 3a and 3b. Nevertheless, as mentioned
above, substantial maximum-to-minimum ratios of the prob-
ability density particle concentrations can be achieved us-
ing thermal tweezers with dynamic temperature modulation,
which is a demonstration of the efficiency of this nanoma-
nipulation technique.
IV. SUPER-RESOLUTION
As was shown in Ref. 12 super-resolution can be
achieved when thermal tweezers with static temperature
modulation are applied two or more times with the phase
shift  of the interference pattern. Such a phase shift of the
interference pattern results in shifting the temperature modu-
lation pattern also by . The positions of maxima and
minima of the temperature on the surface interchange as a
result. If the temperature modulation and interaction between
the particles and the surface are chosen appropriately, a spe-
cial regime of particle diffusion can be achieved when these
particles rapidly leave the hot areas, but hardly experience
any diffusion in the cold areas. This results in formation of
two maxima of particle concentration within one period of
the temperature modulation.12 Shifting the interference pat-
tern by  may result in an almost perfectly periodic pattern
of sharp concentration minima and maxima on the surface
with the period two times smaller than that of temperature
modulation.12 Shifting the interference pattern further by
 /2, we could also achieve splitting of every second maxi-
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FIG. 5. The dependencies of the probability density function at a minimum
a and maximum b of surface temperature on number of pulses during the
three sequential laser pulse series with the parameters described in the cap-
tion for Fig. 4. Curves 1, 2, and 3 correspond to the first, second, and third
pulse series, respectively. The horizontal dashed lines represent the
asymptotic values of probability densities at the minimum a and maximum
b surface temperature for the three considered pulse regimes. The dotted
curve in a is the extension of the exponential dependence used to fit the
numerical data points for the third pulse series.
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mum into two, which gives three maxima in one period of
temperature modulation.12 These effects were called super-
resolution in thermal tweezers.
To demonstrate how super-resolution could be achieved
using thermal tweezers with dynamic temperature modula-
tion, we take the previously obtained particle distribution
given by the solid curve in Fig. 4 this curve is also repro-
duced by the dashed curve in Fig. 6. We assume the same
structural and material parameters as those presented in the
figure caption for Fig. 4. We now take the distribution given
by the dashed curve in Fig. 6 as the initial particle distribu-
tion and shift the interference pattern of the incident pulses
by . This means that the maxima of the dashed curve in
Fig. 6 or solid curve in Fig. 4 now correspond to the
maxima of temperature—Fig. 6. Here we use only pulses
from the third series i.e., with =0.25 ns and W=5 mJ
because due to the high temperatures see the curve for T1 in
Fig. 3b at the concentration maxima, the particles will
rapidly diffuse away from these maxima. However, the tem-
perature at the minima of the temperature modulation see
the curve for T0 in Fig. 3b is small enough to ensure only
very weak diffusion. This means that as the particles rapidly
diffuse away from the maxima of their concentration, they
will hardly have enough time to reach the minima. There-
fore, the maxima of particle concentration which now coin-
cide with the maxima of temperature will split into two
maxima each.
This situation is illustrated by the dotted and solid curves
in Fig. 6 showing the two dependencies of the probability
density function, resulting from the application of 200 pulses
dotted curve and 600 pulses solid curve with =0.25 ns
and W=5 mJ, producing the interference pattern shifted by
. It can be seen that the original minima of particle concen-
tration probability density function change only insignifi-
cantly even after 600 pulses solid curve in Fig. 6, whereas
the original maxima appear to be drastically affected by
splitting.
Obviously, this is a nonsteady-state process that requires
particular care in choosing the number of pulse treatments
exposure time, such that particles do not simply redistribute
completely into the new cold regions, forming a pattern iden-
tical to that shown by the dashed curve in Fig. 6, although
shifted by . Such would be the case if the exposure was too
long too many pulses, while a too short exposure time
would result in insufficient splitting of the particle concen-
tration maxima.
The resultant permanent “frozen” at room temperatures
pattern of particle redistribution solid curve in Fig. 6 is
characterized by the typical size of the obtained elements
maxima of 100 nm recall that the laser wavelength used
was 532 nm. Thus, thermal tweezers with dynamic tempera-
ture modulation laser pulse treatments can be used to pro-
duce surface features regions of particle localization that
are significantly smaller than the wavelength. Therefore, it
can be referred to as a technique for nanofabrication on sur-
faces and interfaces.
V. CONCLUSIONS
We have demonstrated the potential for thermal tweezers
to become an effective holographic technique for surface ma-
nipulation of particles with nanoscale resolution, and forma-
tion of permanent nanostructures on surfaces. We have dem-
onstrated that this is achievable by means of two or more
short laser pulses producing an interference pattern on an
absorbing surface e.g., a thin metal film with nanoparticles
or adatoms. Anisotropic diffusion surface thermophoresis
of these nanoparticles/adatoms in the presence of strong tem-
perature gradients produced by laser pulse interference and
absorption has been shown to result in a substantial redistri-
bution of these particles/adatoms toward the cold regions on
the surface. It has also been demonstrated that the presence
of interaction between the particles and the crystalline sur-
face is one of the major distinct features of thermal tweezers
surface thermophoresis resulting in a much stronger modu-
lation of particle concentration compared to bulk thermo-
phoresis.
The analysis was based upon the numerical determina-
tion of the temperature distributions during laser pulse treat-
ment, and subsequent numerical solution of the Langevin
equation with the determined temperatures on the surface. In
particular, it has been shown that typically pulses in nano-
second or picosecond range should be used for thermal twee-
zers. Increasing thermal conductivity of the structure results
in the need of reducing pulse length, in order to achieve the
same temperature modulation of approximately hundreds of
degrees on the surface. Typical energies in a pulse in the
range of millijoules have also been determined from the
numerical solution of the heat conduction equation. How-
ever, it is important to understand that the obtained pulse
energies are only an approximate guide for the experimental
observation and applications of thermal tweezers. This is be-
cause the optimized pulse energies should certainly depend
upon the actual absorption parameters of the thin metal films
or other absorbing surfaces, and the properties of these
films may be vastly different depending on deposition and
preparation processes.
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FIG. 6. The x-dependencies of the probability density functions illustrating
the superresolution technique. The dashed curve is identical to the solid
curve in Fig. 4, and represents the initial particle distribution e.g., achieved
previously by application of thermal tweezers as for Fig. 4. The tempera-
ture modulation laser interference pattern is phase shifted by , compared
to what it was in Fig. 4, so that the maximum temperature coincides with the
initial maximum concentration on the surface dashed curve. The dotted
and solid curve show the particle redistribution as a result of 200 pulses and
600 pulses, respectively, with =0.25 ns and W=5 mJ these are the same
as for pulses from the third pulse series used for Figs. 4 and 5.
064320-7 Mason, Gramotnev, and Gramotnev J. Appl. Phys. 104, 064320 2008
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.181.251.130 On: Thu, 27 Mar 2014 04:36:33
As has also been demonstrated, multiple laser pulse
treatments will be required to achieve significant particle re-
distributions, which means that laser stabilization systems in
order to maintain the same phase of the interference pattern
from different laser pulses will be essential for the experi-
mental investigation of thermal tweezers. A special approach
aimed at significantly reducing the number of required pulse
treatments has been suggested and investigated, based on
combinations of several pulse series with gradually decreas-
ing lengths and energies.
We have also shown that the previously suggested tech-
nique called super-resolution in thermal tweezers may also
be effective when using laser pulse treatments. In particular,
surface elements with dimensions of 100 nm have been
shown to be achievable by means of this approach using the
laser pulse radiation with 532 nm Nd:YAG laser.
It is important that thermal tweezers could be used to
reproduce image any holographically achievable patterns,
which makes them potentially useful for the development of
an imaging techniques and rewritable memory elements.
It is also important to note that the obtained results are
rather underestimates of the expected actual efficiency of the
proposed technique in terms of particle redistribution and
localization on surfaces. This is because we still have not
fully involved all the factors that are capable of increasing
the degree of particle localization and redistribution. For ex-
ample, we assumed no interaction between the particles. If
such an interaction is taken into account, this will result in
cluster formation in the cold regions, which will lead to the
appearance of additional potential wells in the cold regions,
resulting in the expectation of a much larger ratio of
maximum-to-minimum concentrations on the surface. Simi-
larly, the depth of the potential wells of interaction between
the particles and the crystalline or amorphous surface is
expected to decrease with increasing temperature. This is
also expected to result in more efficient diffusion of the par-
ticles out of the hot regions, resulting in stronger modulation
of their concentration of the surface. These important effects
will be the subject of the future investigation in this area.
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